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Abstract 
Potential deep-sea mineral extraction poses new challenges for ecotoxicological research 
since little is known about effects of abiotic conditions present in the deep sea on the toxicity 
of heavy metals. Due to the difficulty of collecting and maintaining deep-sea organisms alive, 
a first step would be to understand the effects of high hydrostatic pressure and low 
temperatures on heavy metal toxicity using shallow-water relatives of deep-sea species. 
Here, we present the results of acute copper toxicity tests on the free-living shallow-water 
marine nematode Halomonhystera disjuncta, which has close phylogenetic and ecological 
links to the bathyal species Halomonhystera hermesi. Copper toxicity was assessed using a 
semi-liquid gellan gum medium at two levels of hydrostatic pressure (0.1 MPa and 10 MPa) 
and temperature (10 °C and 20 °C) in a fully crossed design. Mortality of nematodes in each 
treatment was assessed at 4 time intervals (24 and 48 h for all experiments and additionally 
72 and 96 h for experiments run at 10 °C). LC50 values ranged between 0.561 and 1.864 mg 
Cu2+ L-1 and showed a decreasing trend with incubation time. Exposure to high hydrostatic 
pressure significantly increased sensitivity of nematodes to copper, whereas lower 
temperature resulted in an apparent increased copper tolerance, possibly as a result of a 
slower metabolism under low temperatures. These results indicate that hydrostatic pressure 
and temperature significantly affect metal toxicity and therefore need to be considered in 
toxicity assessments for deep-sea species. Any application of pollution limits derived from 
studies of shallow-water species to the deep-sea mining context must be done cautiously, 
with consideration of the effects of both stressors. 
Keywords: Hydrostatic pressure; LC50; Copper toxicity; Halomonhystera disjuncta; Deep-sea 
mining; Gellan Gum 
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1. Introduction 
Economically valuable mineral deposits can be found in a variety of deep-sea habitats such 
as abyssal plains (polymetallic nodules and deep-sea muds), active and extinct hydrothermal 
vents (seafloor massive sulphides) or seamounts (ferromanganese crusts) (Hein et al., 2013; 
Petersen et al., 2016; Sterk and Stein, 2015). The extraction of these mineral deposits may 
cause significant disturbances of these remote and ecologically valuable habitats, 
threatening their biological communities (Vanreusel et al., 2016). Despite significant 
international attention, ecosystems of these areas are poorly studied and mechanisms of 
resilience and recovery of the benthic fauna are largely unknown (Gollner et al., 2017; 
Wedding et al., 2015). One major concern is the mobilization and release of elevated 
concentrations of potentially toxic elements during extraction, transport in riser systems, or 
after processing of the minerals (e.g. the release of extraction water or tailings to the water 
column) (Boschen et al., 2013; Koschinsky et al., 2001a, 2001b; Thiel, 2001). Heavy metal 
concentrations are usually higher within marine sediments than the overlying water column 
as heavy metals bind to small particles, organic matter and different hydroxides 
(Pempkowiak et al., 1999). Infaunal organisms are, therefore, particularly vulnerable to metal 
exposure if conditions in sediment or surrounding seawater change (e.g. pH, oxygen 
saturation) and bioavailability of those metals increases. The development of appropriate 
measures to identify risk requires knowledge of the impacts of heavy metal contamination on 
deep-sea benthic organisms. However, the acquisition and maintenance of deep-sea 
organisms is challenging, hampering their use in controlled laboratory experiments. As a first 
step towards understanding heavy metal toxicity in the deep sea researchers are advised to 
uncover the effects of abiotic factors such as high hydrostatic pressure and low temperatures 
on the sensitivity of marine species (Mestre et al., 2014). These two factors play major roles 
in determining the distribution of marine organisms (Brown and Thatje, 2011; Clarke, 2003; 
Pörtner, 2002; Pradillon and Gaill, 2007). Knowledge of pressure and temperature effects on 
metal toxicity would help us to better understand underlying mechanisms and possibly 
predict potential toxic effects in deep-sea species.  
Copper is a trace element that is essential to the health of most organisms (Mertz, 1981). It 
plays a role in multiple physiological pathways (e.g. in regulating oxidative stress), as a co-
factor of several enzymes or structural components and is also associated with biological 
processes such as responses to hypoxia (Karlin and Tyeklár, 2012; Scheiber et al., 2013). 
However, an excess of copper can induce severe toxicity leading to metabolic dysfunction 
and ultimately to the death of an organism (Gaetke and Chow, 2003; Scheiber et al., 2013). 
Deep-sea minerals contain relatively high concentrations of copper (Hein et al., 2013) and it 
has been demonstrated that the potential for copper leaching from deep-sea minerals such 
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as chalcopyrite is high (Fallon et al., 2017; Knight and Roberts, 2016). However, Simpson 
and Spadaro (2016) have recently reported limited toxicity of chalcopyrite-induced, copper-
associated mortality in bivalves and amphipods. The relative high importance of copper in 
deep-sea mineral extraction and its important role in animal physiology support the need to 
explore the effects of hydrostatic pressure and temperature on copper toxicity. 
Intermediate in size between micro- and macrofauna, metazoan meiobenthos play a major 
role in the benthic ecosystem as an important component of the benthic food-web, but also 
through facilitating mineralization and nutrient turnover (Bonaglia et al., 2014; Coull, 1999; 
Moens et al., 2013). Nematodes are the dominant taxon within this group of organisms and 
their short life span and high fecundity also make them suitable for laboratory experiments 
and short-term ecotoxicological research in particular (Beyrem et al., 2011; Kennedy and 
Jacoby, 1999). The tolerance of nematodes to metal toxicity, hypoxia and changing 
environmental conditions can be very variable and species dependent (Bongers and Ferris, 
1999; Gyedu-Ababio and Baird, 2006). Halomonhystera disjuncta is a free-living, 
bacterivorous shallow-water marine nematode which is known for its tolerance to 
temperature changes and high concentrations of heavy metals (Vranken et al., 1989, 1988, 
1985, 1984). The intertidal, cryptic species Halomonhystera disjuncta GD1 (Derycke et al., 
2007) is phylogenetically closely related to the species H. hermesi (Tchesunov et al., 2014) 
which inhabits cold-seep ecosystems in the deep sea, e.g. the Nyegga pockmark at 730 m 
on the Nordic Norwegian margin and the Håkon Mosby mud volcano at 1280 m depth in the 
Barents Sea (Van Campenhout et al., 2015, 2013; Van Gaever et al., 2006). Interestingly, H. 
disjuncta GD1 also shows higher tolerance towards bathyal seep conditions (high sulphide 
concentrations, low temperature) than other species in the cryptic species complex (Van 
Campenhout et al., 2014). The close phylogenetic relationship and H. disjuncta GD1’s 
environmental tolerances suggest that H. disjuncta and H. hermesi share a recent common 
ancestor (Van Campenhout et al., 2015, 2014, 2013), making H. disjuncta a relevant species 
with which to investigate the effects of bathyal environmental conditions on copper toxicity. 
In this study, we performed the first acute copper toxicity tests on the free-living marine 
nematode H. disjuncta incorporating different hydrostatic pressure and temperature regimes. 
The use of gellan gum as a medium for nematode toxicity testing has been described by 
Brinke et al. (2011) and was chosen for this study to facilitate the use of pressure chambers 
under the exclusion of air cavities. In comparison to water, gellan gum provides the 
advantage that the sediment dwelling nematodes are still able to move through the medium 
by body undulations but with lower activity and stress than would result from constant 
swimming in water. We investigated the acute effects of bathyal pressure experienced by H. 
hermesi on copper toxicity in H. disjuncta by including two pressures (0.1 MPa= surface 
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pressure, and 10 MPa ≈ 1000 m water depth) and two temperatures (20°C and 10°C). Here, 
20°C represents a standard temperature for toxicity testing that has been applied in previous 
acute toxicity studies on marine nematodes including H. disjuncta (Austen and McEvoy, 
1997; Vranken et al., 1984; Vranken and Heip, 1986) whereas 10 °C is at the lower end of 
the species optimal temperature range whilst allowing normal growth and development (Van 
Campenhout et al., 2014). With this study we aim to investigate 1) the effect of high 
hydrostatic pressure on the survival of a shallow-water nematode and 2) the extent to which 
temperature and hydrostatic pressure affect copper toxicity in the shallow-water nematode. 
2. Material and Methods 
2.1. Nematode cultures 
Monospecific cultures of H. disjuncta cryptic species GD1 were cultivated at 16 °C on petri 
dishes filled with 0.8 % nutrient:bacto agar in a ratio of 1:7 prepared in artificial seawater 
(Moens and Vincx, 1998) with a salinity of 25. The cultures were incubated at the respective 
experimental temperature one week prior to the experiment. An excess of frozen-and-thawed 
Escherichia coli K12 were added as a food source. A full description of species acquisition 
for the cultures is given in Van Campenhout et al. (2014). 
2.2. Experimental setup 
Nematodes of the species H. disjuncta GD1 were exposed to five different copper (Cu2+) 
concentrations at two different temperatures (10 °C and 20 °C) and two different pressures 
(0.1 MPa and 10 MPa) for 2 time intervals (24 h, 48 h) with 3 replicates per time interval and 
treatment. In addition, experiments at 10 °C were also run for 72 h and 96 h. Selection of 
dissolved copper concentrations at 10 °C (0, 0.5, 1, 2, 4, 6 mg Cu2+ L-1) and 20 °C (0, 0.2, 
0.5, 1, 2, 5 mg Cu2+ L-1) were based on preliminary ranging experiments at atmospheric 
pressure. Survival was the chosen endpoint. 
Screw top vials of 5 mL volume with a rubber septum were half filled with Cu2+-contaminated 
gellan gum and 20 adult and preadult nematodes were placed in the vials. The vials were 
then filled up with the Cu2+-contaminated gellan gum medium and closed, ensuring that no 
air bubbles were trapped. One vial (empty control) without nematodes was added to each 
replicate measurement. Vials were placed in a pressure vessel, acutely pressurised, and 
incubated at the respective pressure and temperature for the respective time intervals (24, 
48, 72 and 96 hours). A detailed description of the pressure vessels can be found in Mestre 
et al. (2009). Vials of all treatments, including those at surface pressure, were placed in 
pressure vessels to avoid any experimental artefacts arising from enclosure in the pressure 
vessel. 
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The semi-liquid gellan gum medium was made with 1.5 g L-1 gelrite (Merck & Co., Kelco 
Division) solution prepared in MilliQ water and artificial seawater (Moens and Vincx, 1998) 
with a salinity of 34. The two components were autoclaved and the gellan gum solution was 
slowly added to the seawater in a 1:3 ratio under continuous stirring to obtain the required 
fluidity and salinity of 25. Sufficient volumes of medium were spiked with different dissolved 
copper (Cu2+) concentrations by adding the appropriate amount of CuSO4 stock solution to 
the medium under continuous stirring for 2 minutes. The stock solution was composed of 
0.10155 g CuSO4 and 250 mL MilliQ water resulting in a dissolved Cu
2+ concentration of 
259.66 mg L-1. 
At the end of each experiment, hydrostatic pressure vessels were immediately depressurised 
and oxygen levels in the middle of the vials were measured with an oxygen optode 
connected to a PreSens Microx TX3 array. Nematode mortality was assessed by observing 
movement through a stereo-microscope and/or response to physical stimulation with a 
needle.  
Unavoidable bacterial contamination of the medium and nematode respiration led to a 
decrease of oxygen concentrations in the vials, especially at high temperatures. Based on 
the oxygen measurements we adjusted our experimental setup and only conducted 24 h and 
48 h treatments at 20 °C, however, these particular treatment combinations were repeated 
once with a full set of 3 replicates. Furthermore, data analysis was adjusted by removing 
treatments where very low oxygen concentrations (<5 %) persisted in most vials at low 
copper concentrations in combination with an increased mortality of animals in those vials 
(Tab. S1). Potential oxygen-associated background mortality at zero copper concentration 
was accounted for in the data analysis. Oxygen deficiency and mortality occurred in all 
replicates of the following treatments: 20 °C, 0.1 MPa, 24 h (first measurement); 20 °C, 10 
MPa, 24 h (first measurement); 20 °C, 0.1 MPa, 48 h (second measurement) and 20 °C, 10 
MPa, 48 h (second measurement)(Tab. S1). Therefore, one set of replicates at each 
pressure at 24 and 48 h was retained in the analysis.  
2.3. Data analysis 
LC50 values and their confidence intervals were estimated from concentration-response 
curves based on the three replicates of each treatment, fitted with a binomial regression 
using a probit link and adjusting for background mortality as explained by Proctor et al. 
(2017). The models of the concentration-response curves were then compared by Analysis 
of Deviance (chi-squared) which allows comparison of generalized linear models comparable 
to variance testing in ANOVA (Nelder and Wedderburn, 1972). Additionally, concentration-
response curves were fitted with the very similar log-normal function with fixed upper (1) and 
lower (0) limits (LN.2) using the drc package. This package allows for comprehensive 
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visualization of the models. All data were analysed with the statistical software R version 
3.4.0 Patched (R Core Team, 2013) and RStudio version 1.0.136 (RStudio Team, 2015) 
using the packages LC50 (Proctor and Wotherspoon, 2015) and drc (Ritz et al., 2015). A 
significance level of α=0.05 was chosen for all tests. 
3. Results 
At the end of each experiment, nematode behaviour and motility in treatments without Cu2+ 
contamination appeared unaffected by compression and decompression. Surviving animals 
from high pressure treatments appeared and behaved similarly to those under atmospheric 
pressure. 
LC50 values ranged between 0.561 µg L
-1 (10 MPa, 10 °C after 72 h) and 1.864 mg L-1 (0.1 
MPa, 10 °C, after 24 h) and showed a decreasing trend with incubation time (Fig. 1). 
Pressure and temperature significantly affected nematode sensitivity towards copper at the 
24 h and 48 h time intervals, without an interaction effect (Tab. S2): nematode sensitivity in 
terms of LC50 was greater at 10 MPa than at 0.1 MPa and was greater at 20 °C than at 10 °C 
(Fig. 1). The negative effect of high pressure was still visible after 72 h of incubation but not 
at 96 h (Tab. 1).  
Table 1 Results of the Analysis of Deviance comparing concentration-response models of varying factors pressure (0.1 and 10 
MPa) and temperature (10 and 20 °C). DF= degrees of freedom, NULL= null model (no variables included), Pr(>Chi)= 
probability of the model being different from the null model. 
    DF Deviance 
Residual 
DF 
Residual 
Deviance Pr (>Chi)   
24 h NULL 
  
63 233.8 
  
 
Temperature 1 66.838 62 166.96 2.95E-16 *** 
 
Pressure 1 24.956 61 142 5.87E-07 *** 
  Temperature*Pressure 1 0.408 60 141.6 0.5231   
48 h NULL 
  
63 156.3 
  
 
Temperature 1 30.683 62 125.62 3.04E-08 *** 
 
Pressure 1 12.564 61 113.05 3.93E-04 *** 
  Temperature*Pressure 1 0 60 113.06 1   
72 h NULL 
  
31 143.838 
    Pressure 1 79.983 30 63.855 2.20E-16 *** 
96 h NULL 
  
31 55.105 
    Pressure 1 1.1235 30 53.982 0.2892   
*** Significant at the p ≤ 0.001 probability level 
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Figure 1 Mean LC50 values with upper and lower confidence intervals (error bars) for all experiments conducted in a fully 
crossed design with two varying factors (temperature and pressure), N=3. 
In addition to differences in the LC50, the slope of the concentration-response curve was 
slightly flattened when high hydrostatic pressure was applied (Fig 2., Tab. S2). A flattened 
slope indicates that the range of concentrations that is harmful for part of the population is 
larger whereas a steep slope is an indication for a sharp threshold level where passing the 
threshold leads to a strong increase in toxicity producing lower survival rates. 
 
Figure 2 Concentration-response curves (log-normal models) of the copper toxicity tests at differing pressure (0.1 and 10 MPa) 
and temperature (10 and 20 °C) for 4 different time intervals. Symbols represent the individual replicate measurements of 
nematode survival. 
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4. Discussion 
4.1. Effects of hydrostatic pressure  
Hydrostatic pressure strongly determines the depth distribution of marine species (Brown 
and Thatje, 2014). This is a result of evolutionary adaptation of marine organisms to the 
adverse effects of high hydrostatic pressure on molecular interactions, e.g. with regard to 
electrochemical and hydrophobic interactions in biological systems (Brown and Thatje, 2014; 
Pradillon and Gaill, 2007). Nevertheless, shallow-water marine invertebrates seem to have a 
wider tolerance to increased hydrostatic pressure than might be predicted a priori (Brown 
and Thatje, 2014; Mestre et al., 2013, 2009; Smith et al., 2015) and are able to increase their 
tolerance after a short acclimation period (New et al., 2014). Similarly, in this study, mortality 
and activity of H. disjuncta in treatments without Cu2+ contamination remained unaffected by 
elevated pressure. Therefore, mortality associated with pressurization and depressurization 
was not an interfering factor in the assessment of copper toxicity. However, while the 
nematodes were tolerant in the short-term, negative effects of high hydrostatic pressure on 
the nematodes may arise with longer exposures.  
In this study, high hydrostatic pressure reduced the tolerance of H. disjuncta to copper 
exposure at both 10 and 20 °C, as evidenced by lower LC50 values and a flattened slope 
compared to surface pressure (Fig. 2). The flattened slope of the concentration-response 
curves at high hydrostatic pressure suggests that a wider range of concentrations adversely 
affects part of the population. Therefore, even low copper concentrations led to a weakening 
of the nematodes and mortality of several individuals at 10 MPa. Interestingly, the effect of 
pressure was not evident after an incubation time of 96 h which may be caused by interfering 
factors such as starvation, reducing the organisms’ tolerance to additional stress. Research 
has indicated that starvation effects can become evident after 72-120 h in laboratory 
experiments with marine nematodes (Ott and Schiemer, 1973; Wieser et al., 1974). 
Previous research on copper uptake in nematodes has found a strong association of 
increased amounts of copper concentrations in the cuticle and hypodermis, supporting an 
uptake via the body wall rather than the digestive tract (Howell, 1983; Sávoly et al., 2013). 
Changes in hydrostatic pressure lead to a shift in biochemical reaction rates and in the 
fluidity of membranes (Brown and Thatje, 2014; Pradillon and Gaill, 2007) which may in turn 
affect uptake rates of copper from the environment. Copper toxicity is mainly caused by 
accumulation of oxidative damage resulting from reactive oxygen species in the cells, and 
organisms may respond to this by enhancing antioxidant enzyme expression (Song et al., 
2014). This, however, will increase basal metabolic rate and may have consequences for the 
energy allocation of the organisms (Sokolova and Lannig, 2008). 
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Brown et al. (2017a) assessed the effects of low temperature and high hydrostatic pressure 
on acute (96 h) lethal and sublethal (respiration rate, antioxidant enzyme activity) copper and 
cadmium toxicity in the shallow-water shrimp Palaemon varians. In this study the researchers 
report that oxygen consumption and antioxidant enzyme activity (superoxide dismutase, 
glutathione peroxidase) were significantly increased at lower copper concentrations when a 
pressure of 10 MPa was applied (100 µg L-1) than when at surface pressure (1000 µg L-1). 
The exact mechanisms of the effect that pressure has on copper toxicity (e.g. enhanced 
copper uptake through membranes, inhibition of gene expression) still remain to be 
investigated, but the results of Brown et al. (2017a) suggest that enzyme expression and 
activity were not suppressed by increased hydrostatic pressure. 
Deep-sea organisms have been shown to possess a series of adaptations to counteract the 
negative effects of hydrostatic pressure on their metabolism (Pradillon and Gaill, 2007; 
Somero, 2003; Yancey et al., 2004). Nevertheless, it remains to be investigated if these 
adaptations also enable them to counteract the negative effect of pressure on copper toxicity. 
This may be answered once our mechanistic understanding of copper toxicity in marine 
invertebrates and, more specifically in deep-sea invertebrates, improves. 
4.2. Effects of temperature 
Temperature also affected copper tolerance in H. disjuncta and survival of nematodes was 
higher at 10 °C than at 20 °C. H. disjuncta’s optimal growth temperature occurs at 
approximately 16 °C, but most life history traits do not vary considerably when temperature is 
reduced to 10 °C (Van Campenhout et al., 2014). Therefore, a temperature of 10 °C can be 
considered to lie within the species’ thermal window. The metabolism of an organism is an 
interplay of different biochemical reactions performed by multiple enzymes (Brown et al., 
2004). These metabolic reactions obey the laws of thermodynamics and increase 
exponentially with increasing temperatures inside temperature ranges of normal activity 
(Brown et al., 2004; Clarke and Fraser, 2004). Therefore, the higher tolerance of H. disjuncta 
towards copper at 10 °C compared to 20 °C may be attributed to a slower metabolism at low 
temperatures leading to a decreased copper uptake, which delays reaching lethal systemic 
metal concentration. This is consistent with previous research stating that in most ectotherms 
(80 % of N=118 investigated species) an increased temperature enhanced metal toxicity in 
terms of mortality and uptake (Sokolova and Lannig, 2008; and references therein). Indeed, 
chromium toxicity in H. disjuncta was increased when temperature was high (22 °C) 
compared to optimal temperature (17 °C) and mortality was reduced at low temperature 
(12 °C) (Vranken et al., 1989).  
Although deep-sea animals have adapted to very stable and low temperatures (typically 
4 °C), enzymatic reactions and, consequently, metabolic rate of stenothermal species living 
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at <8 °C is lower compared to eurythermal organisms (Pörtner, 2002). Therefore, the 
observed lower, acute effects of copper toxicity at low temperature may be similar in deep-
sea organisms. However, additional stress responses induced by copper exposure at low, 
sublethal concentrations may increase basal metabolic maintenance and reduce the amount 
of energy available for other functions, reducing the organisms’ fitness (Brown et al., 2017a; 
Sokolova et al., 2012). This may especially be of relevance in the food and energy limited 
abyssal deep sea (Smith et al., 2008). Chronic effects considerably differ from acute 
exposures and sublethal copper concentrations have been shown to substantially affect life-
cycle characteristics (Bechmann, 1994; Kwok et al., 2008). This, in turn, may have unknown 
consequences for ecosystem functioning and the assessment of chronic toxicity effects 
should, therefore, be considered in future studies. 
Temperature and hydrostatic pressure have antagonistic properties with regard to kinetics 
and equilibria in biological systems e.g. as pressure increases, it reduces the flexibility of 
lipids and nucleic acids while the opposite is true for temperature increases (Pradillon and 
Gaill, 2007 and citations therein). However, the results of this study indicate that pressure 
and temperature act in different ways on the sensitivity of H. disjuncta to copper since a 
simultaneous increase in both, pressure and temperature lead to an increase in copper 
sensitivity.  
4.3. Conclusion 
Our research shows that increased hydrostatic pressure and temperature reduce the 
sensitivity of H. disjuncta to acute copper exposure in terms of mortality. An integrative 
approach of laboratory experiments using shallow-water species under controlled conditions 
in combination with in situ deep-sea experiments using related species is, therefore, crucial 
to fully understand ecotoxicology in the deep sea (Brown et al., 2017b). Nevertheless, the 
use of shallow-water species helps to elucidate general mechanisms of both factors on 
copper toxicity in marine nematodes. 
As an acute toxicity assessment with only one toxicant tested, these results are not intended 
to assess the specific risks of deep-sea mineral extraction, but they provide evidence for 
effects of hydrostatic pressure and temperature on copper toxicity that need to be considered 
in environmental risk assessment. In situ studies including realistic multiple metal exposures 
are needed to produce environmentally relevant data and enable proper risk assessment. 
Furthermore, experiments with longer exposures would enable investigations of effects of 
chronic exposures to toxicants, which may pose greater risks for organisms in the long term 
and which cannot be assessed in acute toxicity studies (Freitas and Rocha, 2014). 
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